Detection and analysis of pathogens by PCR plays an important role in infectious disease research. The value of these studies would be diminished if nuclear material from dead parasites were found to remain in circulation for extended periods and thus result in positive amplification. This possibility was tested in experimental rodent malaria infections. Blood samples were obtained from infected mice during and following drug or immune clearance of Plasmodium chabaudi chabaudi parasitemias. Detection of parasite DNA by a sensitive Plasmodium-specific PCR amplification assay was associated with the presence of viable parasites, as detected by subinoculation. No parasite DNA could be detected by PCR 48 h after the injection of killed parasites into mice. Nuclear material from parasites removed by drug or immune responses is rapidly cleared from the circulation and does not contribute significantly to amplification. Thus, results from PCR analysis of malaria-infected blood accurately reflect the presence of live parasites.
Detection and analysis of Plasmodium parasites by PCR are done in numerous investigations. PCR assays are more sensitive than microscopy and are therefore often used to detect the parasite and identify the species (3, 17, 18, 29, 32, 33) . The specificity of PCR has also been exploited for the analysis of parasite populations. Investigations of the diversity of Plasmodium falciparum from fresh field isolates have been greatly improved by the analysis of polymorphic genetic markers through PCR (7, 13, 25, 34, 36) . DNA amplification is thus becoming an important tool for the study of malaria parasites. This technique is also being increasingly applied to other parasitic diseases, as well as bacterial and viral infections. As a result of this high sensitivity, DNA amplification is often observed in the absence of microscopically demonstrable parasites. Concern has therefore been expressed that, in some cases, the target of PCR amplification might be circulating DNA derived from dead parasites or from parasites ingested by peripheral phagocytic cells. To resolve this issue, one must investigate whether positive amplification can be obtained in the absence of viable parasites.
This issue was addressed experimentally with mice by using P. chabaudi chabaudi. The efficiency of clearance of nonviable parasites was ascertained in three distinct experiments. In a first instance, parasites killed by freeze-thawing were injected directly into the bloodstream. The two other sets of experiments are representative of parasite clearance under natural conditions: (i) elimination of parasites by drug treatment and (ii) resolution of parasitemia by immune mechanisms. Throughout the experiments, blood was collected daily and each sample was divided equally, with one aliquot used for PCR analysis and the other subinoculated into reporter mice to test for the presence of viable parasites. The sensitivity of a previously described PCR detection assay, in which conserved sequences of the small-subunit rRNA (ssrRNA) gene are targeted (14) , was improved by the addition of a nested reaction. We have found that positive amplification was associated with the presence of viable parasites as detected by subinoculation.
MATERIALS AND METHODS
Mice. CBA/Ca male mice 3 to 4 months old and weighing 24 to 26 g at the time of primary infection were used throughout the study. Infectivity tests were done by using outbred Parkes' male (reporter) mice. All mice were obtained, housed, and used as previously described (16) .
Parasites. P. c. chabaudi AS-parasitized erythrocytes (PE), prepared as previously described (16) , were used to initiate primary infections in normal mice, to reinfect immune mice in order to produce hyperimmune animals, and to challenge these or normal mice so as to provide samples for DNA analysis. Unless otherwise stated, all infections were initiated by the intraperitoneal (i.p.) route using defined numbers of PE.
Blood collection and analysis. Thin tail blood smears were collected daily, methanol fixed, and Giemsa stained. Parasites were enumerated by microscopic examination, and the data was presented as log parasitemia for individual experimental mice or, where appropriate, as log geometric mean parasitemia for groups of animals. The raw data was transformed and evaluated as previously described (16) . Blood samples for subinoculation and PCR analysis were also collected from individual mice immediately before clearance of parasites was initiated and on a regular basis thereafter until the experiment was terminated. For each sample, 20 l of blood was taken from individual mice from the tip of the tail and mixed into 400 l of Krebs saline-glucose-heparin (5) . All of the experiments were repeated at least twice, and similar results were obtained.
Infectivity testing. A 200-l volume of each sample obtained as described above was then immediately injected i.p. into a reporter mouse. We have established by using serial dilution of parasites in whole blood, that patent infections are consistently observed following inoculation with very few (1 to 10) PE. Infections in reporter mice were assessed by microscopy (Giemsa-stained tail blood smears) for 14 days after the inoculation before being considered negative.
PCR template preparation. Parasites in the remaining 200 l were released by addition of 1 l of saponin (10%, wt/vol) and concentrated by centrifugation (8,000 ϫ g for 5 min). The supernatant was discarded, and the parasite pellet was stored at Ϫ60°C before template preparation. DNA was prepared by resuspending the pellet in lysis buffer (10 mM Tris-HCl [pH 8 .0], 20 mM EDTA [pH 8.0], 0.5% sodium dodecyl sulfate, 2.0 mg of pronase E per ml). The DNA was purified by phenol extraction followed by ethanol precipitation (24) and resuspended in 10 l of water. Mouse genomic DNA was used as negative controls. PCR analysis. Amplification was carried out in a total volume of 20 l containing, in all cases, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 0.1 mg of gelatin per ml, 2 mM MgCl 2 , 125 M (each) deoxynucleoside triphosphate, and 0.4 U of AmpliTaq polymerase. In the first amplification reaction of the nested PCR protocol, 5 l of the DNA template prepared as described above was used to initiate the amplification with 250 nM (each) rPLU1 (5Ј-TCA AAG ATT AAG CCA TGC AAG TGA) and rPLU2 (5Ј-ATC TAA GAA TTT CAC CTC TGA CAT CTG). In the second reaction, 1 l of the product from the first reaction was used to initiate amplification with a 250 nM concentration of each of the previously described primers (14) rPLU3 (5Ј-TTT TTA TAA GGA TAA CTA CGG AAA AGC TGT) and rPLU4 (5Ј-TAC CCG TCA TAG CCA TGT TAG GCC AAT ACC). The cycling parameters were as follows. Reaction mixtures were heated to 95°C for 5 min prior to cycling at 62°C (first reaction) or at 64°C (second reaction) for 2 min of annealing, 72°C for 2 min of extension, and 94°C for 1 min of denaturation. We carried out 25 cycles for the first reaction and 30 for the second. The amplification cycles were completed by one further annealing step, followed by a 5-min extension step, and the product was stored at 4°C and analyzed as described in the figure legend.
Clearance experiments. (i) Injection of freeze-thawed material. The parasites were obtained by total exsanguination of an infected mouse. After removal of the plasma, the erythrocytes were then frozen as a thin shell of material in a roundbottom flask in a dry ice-methanol bath (Ϫ65°C) and kept at this temperature for 2 min before being rapidly thawed at 37°C for 2 min. This freeze-thaw cycle was repeated four times. An aliquot of this material was removed and used as a positive PCR control, and the remainder was equally divided and injected intravenously into two recipient mice. Each mouse received 9.5 ϫ 10 8 freeze-thawed PE.
(ii) Drug treatment. Infections were initiated with 5 ϫ 10 4 P. c. chabaudi AS PE in a group of five mice. On day 10 postinfection, the mice were injected i.p. with pyrimethamine (Sigma) at 30 mg/kg of body weight daily up to and including day 16.
(iii) Immune clearance. Five mice with homologous immunity to P. c. chabaudi AS were obtained as follows. Following clearance of a primary infection initiated by inoculation with 5 ϫ 10 4 PE, three further inoculations of PE (3 ϫ 10 8 , 4 ϫ 10 8 , and 1 ϫ 10 9 , respectively) were performed on days 128, 149, and 160. In all cases, parasites from these booster infections were cleared within 6, 5, and 3 days, respectively. On day 225, blood samples were removed from two of these mice for PCR-subinoculation analysis in order to confirm that no parasites were present in the circulation before a challenge inoculation with 6 ϫ 10 8 PE.
RESULTS
Specificity and sensitivity of the PCR assay. The detection of parasites was achieved by PCR amplification using oligonucleotide primers which hybridize to sequences conserved in the ssrRNA genes of all Plasmodium organisms. A nested PCR approach was used to enhance the sensitivity of the assay. Amplification of a fragment of approximately 230 bp was obtained for all of the parasite species tested, and no PCR product could be detected when human or mouse DNA was present alone. The parasites tested included all of the species infecting humans (P. falciparum, P. vivax, P. malariae, and P. ovale) and all of the species and subspecies infecting rodents (P. c. chabaudi, P. c. adami, P. berghei, P. vinckei vinckei, P. v. lentum, P. v. petteri, P. yoelii yoelii, P. y. nigeriensis, and P. y. killicki). The sensitivity of detection was close to the maximum theoretical value of 1 parasite per sample, as determined by amplification of purified DNA from serial dilutions of known quantities of viable P. c. chabaudi AS parasites in whole blood. Ten-microliter blood samples expected to contain one PE consistently gave positive amplification. The intensity of the amplified fragment was, as expected in nested PCR amplification, the same with as few as 1 parasite to 10,000 parasites present in the reaction mixture but faded rapidly at lower parasite contents (there are less than 10 ssrRNA genes per genome).
Parasite clearance. (i) Injection of freeze-thawed parasites. In a first experiment, freeze-thawed P. c. chabaudi AS parasites were injected into two normal mice in order to determine the rate of clearance of DNA derived from dead parasites. The mice were sampled for PCR analysis immediately before and after the injection and daily for the next 13 days. Subinoculations were performed on day 1 and then on alternate days. The freeze-thawed material injected did not contain any viable parasites, as demonstrated by the fact that patent parasitemia could not be detected in any of the reporter mice injected with the daily samples. Moreover, on day 14, the experimental animals were sacrificed and exsanguinated, and all of the blood from each mouse was equally divided and injected i.p. into two reporter mice which also remained negative. The PCR assay proved positive for the sample taken immediately following the injection of the freeze-thawed material and that taken 24 h later. Specific amplification of Plasmodium DNA from any later sample was not observed (Fig. 1A) .
(ii) Drug treatment. In another experiment, the presence of parasite DNA in the circulation following the elimination of parasites by drug treatment was determined. Samples for subinoculation testing were obtained from two mice following drug treatment and after the parasites could not be detected microscopically (days 13 to 19 inclusive). Viable parasites were detected by subinoculation on day 13 in only one mouse. In only one of the other reporter mice, a single parasite was seen 7 days after the subinoculation with the blood samples collected on day 15. This reporter mouse, however, remained negative throughout the duration of the experiment. This observation was not repeated for any of the reporter mice from the duplicate experiment. PCR analysis was performed on samples collected from day 11 to day 19 inclusive and proved negative for day ϩ17 on. The PCR product obtained from the day 14 to 16 samples was of very low intensity and might not be reproduced faithfully in Fig. 1B .
(iii) Immune clearance. In a final experiment, the possibility that parasite DNA remained in the peripheral blood after removal of parasites by immune mechanisms was ascertained by injecting 6 ϫ 10 8 viable parasites into two hyperimmune mice. These mice were then sampled for subinoculation and PCR analysis for the next 13 days. Patent parasitemia was only observed in reporter mice inoculated with blood taken on days 1 to 3. PCR amplification was also only observed for samples taken on days 1 to 3 (Fig. 1C) .
DISCUSSION
Malaria infections are chronic and often can last for many months or years. When these infections remain untreated or are suboptimally treated, patent parasitemic episodes punctuate relatively long periods in which no parasites can be demonstrated microscopically. Throughout the course of the infection, parasites are destroyed mainly by immune mechanisms or drug treatment. Damaged or dying parasites also arise when merozoites fail to reinvade or if the physiological environment of the host is unsuitable for parasite development (e.g., in the presence of fever, nutritional deficiencies, or hemoglobinopathies). The removal of these parasites is undertaken primarily by circulating phagocytic cells and spleen macrophages. The abilities of parasite-specific PCR assays to detect low-grade parasitemias and to characterize the composition of the parasite populations are being increasingly exploited in diverse epidemiological studies. In addition to providing accurate prevalence data (4, 23, 27, 28) , important insights into the biology of P. falciparum are derived from the PCR analysis of parasite dynamics (9, 12) , morbidity associations (8, 11, 19) , transmission (2, 20, 22) , and the emergence of drug resistance (1, 10, 15, 26, 35) . The role of PCR detection and analysis in the evaluation of vaccine trials is now recognized and is likely to expand in the future (6, 30) . The possibility that any of the results obtained from PCR analysis might be due to parasite DNA lingering in the circulation long after the parasites have been eliminated has often been raised. If this were often the case, some conclusions derived from amplification data would have to be revised. Experimental infections of mice were used to address this issue through the analysis of peripheral blood obtained following clearance of very high parasite burdens (rarely seen in human infections) either by chemotherapy or through immune mechanisms. Parasites in individual blood samples were detected by using a sensitive nested PCR assay, and their viability was determined by subinoculation. It was found that parasite material is cleared very quickly from the circulation and that the PCR signal is associated mainly with the presence of viable parasites. In a few samples, the PCR and subinoculation results were not in agreement. Twenty-four hours following injection of freeze-thawed parasite material, PCR amplification was positive but subinoculation was not (Fig. 1A) ; thus, full clearance of the DNA present in this material from the circulation requires more than 24 h but less than 48 h. In the drug clearance experiment, the PCR assay was positive on days 13 to 16 while subinoculation proved negative (Fig. 1B) . The prolonged detection of parasites by PCR alone, observed only in the drug clearance experiment, might be due to the presence of live but drug-damaged parasites, which would be unable to initiate an infection in a reporter mouse. This is supported by the microscopic detection of a single parasite once in a reporter mouse (inoculated with day 15 blood, Fig. 1B ), which did not develop an infection. Another possible explanation rests with the exquisite sensitivity of both methods of parasite detection; thus, when only one or two parasites are present in a sample, there is a probability that one of the aliquots analyzed would not contain any parasites. This all-or-none effect has been previously noted in the PCR detection of parasites (29) . Indeed, a negative PCR amplification and a positive subinoculation result were obtained with one sample from the immune clearance experiment (data not shown). These few cases, however, occurred only with samples obtained soon after the last sample found to be positive by both methods. In malaria, parasites are removed by circulating and reticuloendothelial phagocytes (31) . In the present experiments, large numbers of parasites were eliminated by drug treatment or immunity. Nonetheless, positive PCR amplification was associated with the presence of viable parasites. Thus, either parasite nuclear material is degraded rapidly after phagocytosis, or the loaded phagocytic cells are not found in the peripheral circulation.
Although the experiments were necessarily performed with mice, since human experimentation is ethically excluded, the conclusion drawn should be equally applicable to the clearance of parasites in human infections. Some indirect evidence derived from the PCR analysis of P. falciparum populations in longitudinal blood samples supports this view. Genetically different populations are often seen in the circulation on consecutive days or for only part of the sampling period, in both untreated and treated infections (12, 15) . The fact that a particular parasite line is no longer detectable by PCR analysis of peripheral blood following natural clearance or clearance through drug treatment implies that material from this line is quickly removed from the circulation. In a separate study, it was also found that DNA from asexual parasites is also removed within 48 h after ingestion by anopheline mosquitoes, as determined by nested PCR amplification (21) .
We therefore conclude that specific amplification of parasite sequences from blood samples accurately reflects the presence of viable or very recently killed or damaged parasites. These results add further confidence to information obtained by PCR analysis of malaria parasites. It remains to be established whether these conclusions are applicable to other diseases caused by blood-dwelling parasites, such as leishmaniasis, trypanosomiasis, and filariasis.
